In this study, by-products from alcohol production were examined in terms of their potential application as external carbon sources for enhancing denitrification in biological nutrient removal systems. Three types of batch tests were used to compare the effects of the distillery by-products, such as fusel oil, syrup and reject water, on the non-acclimated activated sludge. Much higher nitrate utilization rates (NURs) were observed for the latter two carbon sources. In the conventional NUR measurements (onephase experiments), the observed NURs with syrup and reject water were 3.2-3.3 g N/(kg VSS h) compared with 1.0 g N/(kg VSS h) obtained for fusel oils from two different distilleries. When the carbon sources were added at the beginning of the anoxic phase preceded by an anaerobic phase (two-phase experiments), the NURs were 4.2 g N/(kg VSS h) (syrup and reject water) and 2.4-2.7 g N/(kg VSS h) (fusel oils). The heterotrophic yield coefficient, determined based on the conventional OUR measurements, varied in a relatively narrow range (0.72-0.79 g COD/g COD) for all the examined carbon sources. Due to advantageous composition (much higher COD concentrations and COD/N ratios), fusel is a preferred carbon source for practical handling in full-scale wastewater treatment plants.
INTRODUCTION
The efficiency of denitrification in biological nutrient removal (BNR) wastewater treatment plants (WWTPs) is strongly dependent on the availability of appropriate carbon sources. In order to enhance the process (rate and amount) within the existing capacities, the simplest option is to add external carbon sources to anoxic compartments. There are a number of effective, commercially available and organic compounds (such as methanol, ethanol, acetic acid, sodium acetate and glucose), which can be categorized as the 'conventional' carbon sources. Primarily due to the high costs of those compounds, various industrial by-products or waste materials have received more attention as the 'alternative' external carbon sources. In fact, studies on the utilization of various alternative carbon sources for denitrification have been carried out for over 30 years (e.g. Monteith et al. ) . Food industry effluents in particular appear to be good candidates due to their high chemical oxygen demand (COD)/nitrogen (N) ratio and high concentrations of readily biodegradable substrates (e.g. Cappai , even though these effluents may sometimes reveal operating problems including variations in their quality and quantity due to the production cycles. Recently, Gu & Onnis-Hayden () summarized various types of external carbon sources that can be applied for enhancing the denitrification capacity. The 'alternative' sources comprised raw industrial/agricultural by-products, such as corn syrup, molasses, brewery waste, and other process wastes (such as glycerol from biodiesel production).
The alcohol and alcoholic beverage production is an important agro-food industry in the European countries, taking into account the average consumption over 13 dm 3 of pure alcohol per capita per year (WHO ). In Poland, ethanol is produced in approximately 900 agricultural and six industrial distilleries and the total annual production for industry and consumption is over 250 million dm 3 . The by-products generated during alcohol production provide a great potential as the 'alternative' carbon sources to be applied in medium and large WWTPs faced with the stringent EU effluent regulations (TN ¼ 10-15 g N/m 3 ). The distillery fusel oil has already been identified as a viable carbon source as the observed nitrate utilization rates (NURs) with the support of fusel oil were higher in comparison with ethanol and methanol (Makinia et al. ) . Fusel oil predominantly consists of higher alcohols (especially isoamyl, isobutyl, active-amyl, butyl and propyl alcohol), esters, fatty acids and some specific aldehydes. These compounds are produced through the metabolism of yeasts in the fermentation process. Several earlier studies have also reported successful use of fusel oil for enhancing denitrification (Monteith et al. ; Klapwijk et al. ; Zala et al. ; Zala et al. ) . The aim of this paper was to evaluate other distillery waste products, such as reject water and syrup, with respect to their potential for enhancing denitrification and interactions with enhanced biological P removal (EBPR) in BNR WWTPs.
MATERIAL AND METHODS

Origin of the process biomass
The process biomass used in laboratory experiments originated from the 'Wschod' WWTP (600,000 PE) in the city of Gdansk (northern Poland). The biological step of the plant consists of six parallel bioreactors, designed according to the Modified University of Cape Town (MUTC) process configuration, and twelve circular secondary clarifiers. More details concerning the process configuration and recent N/P removal efficiencies at the plant can be found elsewhere (e.g. Swinarski et al. ) .
Laboratory experiments
Laboratory experiments were carried out in a specially designed and constructed experimental apparatus consisting of two parallel, plexiglass batch reactors (maximum volume of 4.0 dm 3 ), a control system and computer ( Figure 1 ). The automated control system maintained desired set points for dissolved oxygen (DO) concentration and temperature in the reactors. The mixed liquor in the reactors was mixed with mechanical stirrers at the velocity 180 rpm. The reactors were equipped with electrodes for a continuous monitoring of pH, oxidation reduction potential (ORP) temperature and DO concentration. There were also small chambers connected to the main reactors for a continuous measurement of oxygen uptake rate (OUR) in a controlled, cyclic mode with an adjustable length of the measurement phase (3 min in this study).
Three kinds of batch experiments were carried out with samples of the by-products originating from two local distilleries (large and medium-size) and non-acclimated process biomass from the Gdansk WWTP. The experiments included the conventional NUR and OUR measurements (one-phase tests under anoxic/aerobic conditions) and the NUR measurements under anoxic conditions preceded by an anaerobic phase (two-phase tests). All the experiments were carried out in the study period between February and April, 2010 at the actual process temperatures in the bioreactor ranging from approximately 13.5-16.5 W C.
In the conventional NUR measurements, a source of nitrate (KNO 3 ) and the external carbon source were injected in the ratio of >5 g COD/g NO 3 -N at the beginning of the test and the test was run for 6-7 h. In the two-phase tests, process biomass and settled wastewater were mixed and kept under anaerobic conditions for 2.5 h before injecting KNO 3 and the external carbon sources. Samples of the mixed liquor were frequently (every 10-60 min) withdrawn, filtered under vacuum pressure and analysed for NO 3 -N, NO 2 -N, PO 4 -P and COD. The mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids (MLVSS) concentrations were determined at the beginning and at the end of the test. The conventional OUR measurements were conducted for 5-7 h at the DO set point of 6.0 g O 2 /m 3 to estimate the heterotrophic yield coefficient (Y H ). At the beginning of the test, process biomass was diluted with the biologically treated wastewater and nitrification was inhibited by adding 10 mg/dm 3 of allylthiourea (ATU). The external carbon source was added after 40-60 min. Samples of the mixed liquor were withdrawn at a frequency of 10-60 min, filtered under vacuum pressure and analysed for COD. The MLSS and MLVSS concentrations were determined at the beginning of the test.
Based on the measurements of total oxygen uptake ( Ð OUR(t)dt) and degraded COD (COD degraded ), the Y H coefficient was determined from the following equation:
Characteristics of the distillery by-products
Alcoholic distillation is basically the process of separation (by heating and condensing) of the more volatile component (alcohol) from the less volatile components, such as water and undesirable compounds (by-products). The process of alcoholic rectification is a fractional (multi-step) distillation conducted in special fractionating columns to separate out components with different volatile properties. During those processes, a few by-products can be generated including fusel oil, reject water, syrup and brew (residuals from the fermentation process after alcoholic distillation) ( Figure 2 ).
Fusel oil and reject water (1) are generated in the order of 0.5 and 1,000%, respectively, with respect to the amount of ethanol produced. The basic characteristics of the examined by-products from two local distilleries, termed 'Distillery A' and 'Distillery B', are outlined in Table 1 . Distillery 'A' is one of the largest facilities in the country and performs only rectification from raw alcohol, whereas Distillery 'B' is a medium-size facility performing also the initial fermentation process. The fusel oils had a high content of soluble, mostly readily biodegradable organic compounds (COD concentrations comparable with ethanol) and high values of the COD/TN ratio (approximately 1,800). The examined syrup and reject water had lower COD concentrations (with a significant contribution of the particulate fraction) and lower COD/TN ratios (approximately 500-680).
Analytical methods
Before the analysis, the samples of mixed liquor were filtered under vacuum pressure through a 1.2 μm pore size Millipore (Billerica MA, USA) nitrocellulose filter. The concentrations of inorganic N forms (NH 4 -N, NO 3 -N and NO 2 -N), PO 4 -P and COD were determined using a Xion 500 spectrophotometer (Dr Lange GmbH, Berlin, Germany). The analytical procedures, which were adopted by Dr Lange, followed the Standard Methods for Examination of Water and Wastewater (APHA/AWWA/WEF ). Total and volatile suspended solids (TSS and VSS) were measured by the gravimetric method according to the Polish Standards (PN-72/C-04559). 
RESULTS AND DISCUSSION
The results of specific measurements with the examined byproducts are summarized in Table 2 , whereas sample behaviours of NO 3 -N, NO 2 -N, COD and PO 4 -P are illustrated in Figures 3-5.
Conventional NUR experiments
In the conventional NUR experiments with the fusel oils, the observed single NURs (1.0 g N/(kg VSS h) in both cases) were lower compared with the results (1.4-1.7 g N/ (kg VSS h)) reported previously for the same substrate by Makinia et al. () (T ¼ 13.2-17.6 W C), whereas the ΔCOD:ΔN ratios (¼5.5-6.0 g COD/g N) were within the range of 4.5-6.6 g COD/g N reported in the previous study. Moreover, no effects of the fusel oils on the behaviour of NO 2 -N ( Figure 3(a-b) ) and PO 4 -P (data not shown) have been observed (stable concentrations below 1 g/m 3 of NO 2 -N or PO 4 -P).
In the conventional NUR measurements with syrup and reject water (Figure 3(c-d) ), two different rates, termed NUR1 and NUR2, were explicitly observed. This may be associated with the utilization of substrates characterized by a different biodegradability potential (readily biodegradable vs. slowly biodegradable). The NUR1 values varied within the narrow range 3.2-3. In that study, the NURs associated with utilization of the readily biodegradable and slowly biodegradable substrates varied within the range 3.3-5.7 and 1.6-3.6 g N/(kg VSS h), respectively, at T ¼ 20 W C.
The rates obtained with all the distillery waste products were lower when compared with the rates associated with utilization of readily biodegradable substrates in wastewater. The primary factor affecting this difference was apparently the lack of acclimation period to the specific external substrates. In similar batch experiments, De Lucas et al.
() and Rodriguez et al. () found that the denitrification rates obtained with agro-food wastewaters (seven types) ranged from 56 to 93% of the rate obtained with domestic wastewater. This decrease was related to the lack of an acclimation period and a more complex structure of the substrates. Among the agro-food wastewaters, the highest rates were obtained with winery and tomato processing effluents. The authors explained this by the higher concentration of fermentation products (rather than fermentable substrates). The acclimation of process biomass could result in a significant enhancement of the denitrification efficiency. For summarized the reported rates with acclimated biomass to ethanol, which ranged from 4 to 12 g N/(kg VSS h) at T ¼ 10-20 W C.
NUR measurements during anoxic P uptake
When adding the by-products at the beginning of the anoxic phase preceded by an anaerobic phase (two-phase experiments), single NURs were observed until the end of all the experiments. The NO 3 -N concentrations decreased from approximately 20 to 2-3 g N/m 3 (Figure 4 ), but the MLVSS concentrations in the experiments with the fusel oils were almost doubled compared with the other by-products. The range of observed NURs with the fusel oils was 2.4-2.7 g N/(kg VSS h), whereas the rates with syrup and reject water were 4.2 g N/(kg VSS h) ( Table 2 ). In the previous study (Makinia et al. ) , the observed rates with fusel oil were very similar (2.5-2.9 g N/(kg VSS h)), whereas higher rates (2.7-4.8 g N/(kg VSS h)) were obtained with ethanol.
The anoxic PO 4 -P behaviour was apparently affected by the presence of the influent substrate not utilized in the preceding anaerobic phase. In the experiment with fusel oil A, the P uptake rate (PUR) was 4.3 g P/(kg VSS h), whereas the PUR decreased to 2.4 g P/(kg VSS h) in the experiment with fusel oil B with a higher influent COD concentration (Figure 4(a-b) ). However, in the latter case, the rate increased to 3.5 g P/(kg VSS h) when determining it from 240 min (after a complete utilization of the influent substrate). In the experiments with syrup and reject water, the influent substrate was not utilized under anaerobic conditions due to low MLVSS concentrations, the PURs were also relatively low, i.e. 2.2-2.5 g P/(kg VSS h) as a result of the simultaneous P release. It should be emphasized that, according to recent findings (e.g. Yuan & Oleszkiewicz ), release of PO 4 -P continues under anoxic conditions (regardless of NO 3 -N concentrations) until the readily biodegradable substrate has not been depleted. On the other hand, Puig et al. () suggested that some readily biodegradable compounds (e.g. ethanol) may not be a substrate for the anaerobic/anoxic activity of non-acclimated phosphate accumulating organisms (PAOs). In that study, the PURs increased to 1.5 and 7.0 g P/(kg VSS h), respectively, for 30 and 140 d of ethanol acclimation. The actual contribution of denitrifying PAOs is difficult to estimate without measuring simultaneously anoxic and aerobic PURs, and using mathematical modelling. Based on 
the additional analysis of the simulation results obtained with a newly developed model for external carbon addition in combined N-P activated sludge systems (Swinarski et al. ) , it was estimated that the contribution of denitrifying PAO to NUR was approximately 28% when using fusel oil as an external carbon source. For comparison, Makinia et al. () found that the denitrification rates associated with the anoxic storage of polyphosphate and the anoxic growth of PAOs constituted 16-21% of the denitrification rates associated with the anoxic activity of 'ordinary' heterotrophs. This range was very close to the earlier findings of Hu et al. () that the specific denitrification rate of PAOs on internally stored PHB was only about 20% of the rate of the 'ordinary' heterotrophs on slowly biodegradable COD.
Conventional OUR measurements
The heterotrophic yield coefficients, Y H , were determined from Equation (1) based on the experimental data presented in Figure 5 . The values of Y H estimated for all the examined carbon sources remained in a relatively narrow range, i.e. between 0.72 and 0.79 g COD/g COD (Table 2) . A very similar range of this coefficient (0.72-0.78 g COD/g COD) was earlier found for ethanol, distilled raw alcohol and fusel oil (Makinia et al. ) . However, these values are higher compared with the results (Y H ¼ 0.66-0.67 g COD/g COD) obtained for ethanol in the study of Dircks et al. () at two Danish WWTPs.
Practical aspects of the utilization of distillery wastes
The cost of purchasing commercial carbon sources is significant in Poland, e.g. approximately 0.9 Euro/dm 3 for methanol. In contrast, distillery wastes are available for free or their cost is minimal (up to 0.04 Euro/dm 3 ). Hence, the transportation cost becomes the primary factor while considering the practical aspects of the utilization of distillery wastes in municipal WWTPs. The average transportation cost of 1,000 kg COD of fusel oil is approximately 0.5 Euro/ km and this cost is ca. 8 and 40 times lower, respectively, when compared with the same amount of syrup and reject water.
CONCLUSIONS
The distillery by-products were shown to be viable alternatives to commercial external carbon sources, such as ethanol, for enhancing denitrification in municipal
WWTPs. The addition of syrup and reject water immediately increased the observed NURs (over 3 g N/(kg VSS h)), whereas the rates with fusel oil and non-acclimated biomass were relatively low (approximately 1 g N/(kg VSS h)). However, the process biomass is capable of acclimating to the latter carbon source within a few days. Due to advantageous composition (much higher COD concentrations and COD/ N ratios) and lower costs of transportation, fusel oil is preferred for practical handling in full-scale WWTPs.
